Abstract-Magnetic induction (MI)-based communication systems have gained increased attention in recent years. Typical applications for these systems lie in the area of wireless power transfer, near-field communication (NFC), and wireless sensor networks in challenging environments. In this paper, a system for simultaneous wireless information and power transfer (SWIPT) using MI-based signal transmission is designed for supporting one data stream and multiple parallel power streams. One of the possible applications for this scheme is an NFC-based access point. The overall system is optimized to guarantee a certain quality-of-service for the data stream as well as a maximum sum receive power for all power receivers (max-sum problem) or a maximum receive power for the worst power receiver (max-min problem), respectively. Both optimization problems turn out to be non-convex, such that the optimum solution cannot be found with limited computational complexity. Hence, we provide efficient suboptimal solutions. In this context, a convex approximation of the transmit power constraint in MI-based multiple-input multiple-output systems turns out to be very useful. A very high achievable power efficiency renders the proposed MI-based SWIPT system very promising.
Magnetic Induction-Based Simultaneous Wireless
Information and Power Transfer for Single Information and Multiple Power Receivers coupling of magnetic antennas. Typically, MI based power transfer is only useful within a short range due to a dramatically low power efficiency otherwise, as has been confirmed in numerous previous works (e.g. [3] , [6] ). Furthermore, the alignment of coils has a strong impact on the transfer efficiency, see e.g. [7] , [8] . Several attempts have been made to extend the MI based point-to-point transmission to a system with multiple receivers [9] , multiple transmitters [10] , or even multiple relays [11] , [12] . Moreover, MI based networks with multiple transceivers and relays have been analyzed for the underground WSNs [13] . Finally, the multiple-input multipleoutput (MIMO) technique has been introduced for different constellations of MI based communication and WPT systems, see e.g. [14] , [15] . In particular, the use of a transmitter equipped with three orthogonally deployed coils is suggested in [15] . This enables a steerable directionality of the resulting magnetic field, the so-called magnetic vector modulation, which is based on the explicit weighting of the field vectors given by the orientations of the transmitter coils [15] . Unfortunately, this approach does not take into account the influence of multiple receivers on each other or on the transmitter. Similarly, in [14] , only the carrier frequency is optimized, leaving the choice of e.g. signal phase and amplitude (beamforming coefficients) 1 suboptimal. Beamforming is a well known technique for maximizing the power efficiency of a MIMO system. In traditional radio frequency (RF) systems, the power efficiency optimization corresponds to the maximization of the receive power for a fixed L 2 -norm of the beamforming vector, because the consumed power in the transmitting device depends only on the L 2 -norm of the beamforming vector, but not on its particular coefficients. For MI based WPT, the efficiency depends explicitly on the coupling between the transceivers, such that improving the coupling yields an increase of the power efficiency [3] . Furthermore, since the signal reflection is approximately proportional to the squared mutual inductance [16] , an influence of the reflected signals on the transmit power is inevitable. In particular, these reflected signals can overlap constructively or destructively depending on the phase of the input signals.
Hence, the transmit power depends on the detailed choice of the beamforming coefficients and a sole receive power maximization for a fixed L 2 -norm of the beamforming vector becomes insufficient. Therefore, an iterative algorithm has been proposed in [1] , which takes into account all couplings and reflections between the coils and maximizes the WPT efficiency. In [1] , the overall optimization problem has been shown to be non-convex due to the non-convexity of the transmit power as a function of the beamforming coefficients, such that no globally optimum solution can be found with limited complexity. Hence, an algorithm has been developed which approximates the original optimization problem by a generalized eigenvalue problem in each step of an iterative procedure. In case of convergence, an efficient locally optimal solution has been found.
Simultaneous wireless information and power transfer (SWIPT) is a popular research area, which has been intensely studied in recent years [17] - [20] . Assuming multiple receivers, the power allocation in the transmitter can be optimized in order to enable information broadcasting within a given frequency band to a group of receivers and to efficiently transfer power to the remaining receivers. This can be done using the same transmit signal, such that no switching between data and power transmissions is needed. Despite a significant potential for improvement of the overall system performance, the SWIPT schemes have only been investigated for the RF based communications so far. Due to a much stronger interaction of the magnetic devices in the near-field compared to RF signal transmission and correspondingly a much higher power transfer efficiency, SWIPT schemes seem very promising for near-field applications.
Most of the existing works on SWIPT are related to power allocation and beamforming for multicarrier systems or based on the assumption of flat fading, see, e.g., [17] , [20] . As shown in [20] and [21] , the optimal power allocation differs substantially for power transfer and information transmission, respectively. From this, a nontrivial tradeoff arises for the system design [21] . However, in MI based communication systems (e.g. NFC), most of the system parameters are selected according to the passive radio frequency identification (RFID, ISO 14443/15693) and NFC (ISO 22536/18000-3) standards, such that the frequency selectivity is very limited. Hence, the optimal resource allocation can be approximated as a uniform power distribution within the utilized transmission band. Therefore, we focus on the beamforming optimization in this work.
We consider one transmitter with three orthogonal coils free of self-interference 2 and multiple single antenna receivers randomly deployed in the near-field of the transmitter. The transmitter can be viewed as an access point, which provides information and/or power upon request. In order to satisfy the needs of the users, we consider two optimization problems for adjusting the system performance according to certain criteria. The first problem is related to the maximization of the sum receive power for all power receivers under a quality-of-service (QoS) constraint for the data receiver. The second problem refers to the maximization of the minimum receive power among all power receivers under the same QoS constraint. Both problems turn out to be non-convex, such that no globally optimum solution can be obtained with a practical approach, and we split each of them into two subproblems, respectively. For the first problem we propose an eigenvalue decomposition and a gradient based search. The second problem is reformulated into a semidefinite program with relaxation of a rank-1 constraint followed by randomization and a gradient based search. In addition, the non-convex transmit power constraint is revealed. In order to incorporate this constraint into the considered optimization problems, two strategies have been investigated. The corresponding nonconvex transmit power metric is replaced by either a squared L 2 -norm of the beamforming vector (far-field approximation) or taken into account by using an iterative convex approximation (proposed solution). In this context, substantial receive power gains have been observed using the proposed solution compared to the traditional far-field approximation, which render the considered MI based SWIPT system very power efficient and promising.
Our contribution can be summarized as follows:
• A novel MI based SWIPT system is proposed and the key aspects of its design and optimization are investigated; • an iterative convex approximation strategy is introduced and adopted for the system optimization with respect to two typical performance metrics; • the considerable potential of the proposed SWIPT scheme is revealed. This paper is organized as follows. Section II provides insight into the system model for MI based SWIPT with three transmission coils and multiple receivers. In Section III-A, the two constrained optimization problems are formulated. Then, the baseline solutions using far-field approximation are discussed in Section III-B. The proposed iterative convex approximation strategy is presented in Section III-C and applied to the mentioned optimization problems in Section III-D. In Section IV, numerical results are discussed, and Section V concludes the paper.
II. SYSTEM MODEL
In this work, we assume a system with one transmitter equipped with three orthogonally deployed coils (3D-coil) and multiple (K ) receivers with one coil each, see Fig. 1 . Furthermore, in order to establish a SWIPT scheme, we assume that one of the users receives information (we call this user a data receiver (DR)), whereas all other users receive power (we call these users power receivers (PRs)). Every transmitter coil has inductivity L t and is considered as part of a transmitter resonant circuit, which includes also a capacitor with capacitance C t and a resistor with resistance R t (modeling the copper resistance of the coil). Similarly, the Fig. 1 . Example of a SWIPT system with 3D-coil based transmitter (Tx) and multiple (K = 4) single coil receivers (three power receivers (PRs) (PR − Rx 1 , PR − Rx 2 , and PR − Rx 3 ) and one data receiver (DR − Rx) with a QoS (signal-to-noise ratio (SNR)) constraint).
receiver resonance circuit includes a coil with inductivity L r , a capacitor with capacitance C r and a resistor with resistance R r . Both capacitances C t and C r are selected to make the respective circuits resonant at the resonance frequency f 0 using the
. Since the considered system can be viewed as a variation of the traditional NFC and passive RFID based systems, we select the commonly used resonance frequency f 0 = 13.56 MHz and a bandwidth B = 14 kHz for all numerical results. For these values, the frequency selectivity of the transmission channel is typically very low even for large quality factors (e.g. above 100) of the resonant circuits and not too high coupling coefficients (e.g. below 0.1). Such channels do not need any extensive equalization or frequency-selective prefiltering (precoding). However, in case of very strong couplings between the coils, the well-known effect of frequencysplitting occurs [22] , which can make the transmission channel frequency-selective. Therefore, in order to provide a general approach for all types of channels (weak coupling and strong coupling), we must assume a non-vanishing frequency selectivity of the transmission channels. Correspondingly, the data receiver employs a linear filter, in order to remove the resulting intersymbol interference and equalize the channel. This filtering at the receiver seems to be sufficient for coping with the frequency selectivity of the transmission channel, such that the transmit filter does not need to be frequencyselective as well. Hence, a frequency-flat transmit filter is utilized in the following.
Each receiver circuit contains an additional real-valued load resistor Z L . Hence, the inner impedance of each transmitter circuit can be given by
and for the inner impedance of each receiver circuit
is valid. A single transmitter-receiver link is shown in Fig. 2 . The load impedance is optimized according to previous works, cf. [3] . The induced voltage is related to the coupling between the coils, which is determined by the mutual inductance M. With the knowledge of the mutual inductance M, the frequency selectivity of the MI channel is entirely known, such that not only the WPT can be established but also the information transmission [23] .
The orientations and alignments of the coupled coils have a strong impact on the mutual inductance and correspondingly on the path loss, cf. [8] . Hence, we model the mutual inductance between any two coils m and l of the coupled network by
cf. [13] , where θ m and θ l are the angles between the radial directions of the coils m and l, respectively, and the line connecting the two coil centers. φ is the angle difference between the coils' axes in the plane, which is orthogonal to the direction of transmission. M m,l represents the (absolute) value of the mutual inductance for the case J m,l = 1. For the subsequent derivations, we define
In the following, (·) T and (·) H stand for transpose and Hermitian transpose, respectively. Furthermore, the rank and the trace of a matrix are denoted by rank (·) and tr{·}, respectively. In addition, the positive-semidefiniteness of a matrix is expressed by " 0". For simplicity, we assign the first three indices m ∈ {1, 2, 3} to the transmitter circuits and the remaining indices m ∈ {4, . . . , K + 3} to the receiver circuits, respectively.
For the signal transmission, we assume a concatenation of a transmit filter with an impulse response h(t) in time domain and a beamforming filter
Thus, a sequence of statistically independent transmit symbols s[n] spaced by symbol duration T = 1/B (with bandwidth B) is fed into the transmit filter h(t) and then mapped onto three transmit voltages using the beamforming filter b, which generates the voltage signals u m (t), m ∈ {1, 2, 3} in all three resonance circuits. Furthermore, we assume that E{|s[n]| 2 } = 1, where E{·} denotes the expectation operator. In time domain, the complex-valued transmit voltage of circuit m is given by
In frequency domain, we consider the complex-valued amplitudes For simplicity, we assume a frequency-flat filter characteristic within the bandwidth of the filter, which corresponds to a root-raised cosine (RRC) impulse response h(t) with roll-off factor β = 0 and Fourier transform
In order to determine the average power density spectrum of the transmit signal, we consider the Fourier transform U m ( f ) of a transmit signal comprising N sym transmit symbols according to (5) ,
The corresponding average power density spectrum of the transmit signal in circuit m is obtained as (cf. [24] and [25] )
where lim 
if m belongs to a transmitter or
if m belongs to a receiver. In (10), U m ( f ) = 0 and correspondingly u m (t) ≡ 0 holds, since only the transmitter is supposed to generate power. In order to calculate the currents in all circuits of the coupled network, a set of voltage equations
needs to be solved. Here,
is the complex-valued input voltage vector at the transmitter. Furthermore, 0 stands for an all-zero vector of dimension K × 1. I T x ( f ) and I Rx ( f ) denote vectors comprising the complex-valued currents of the transmitter and the receiver circuits, respectively. The matrices
contain complex impedances and are defined in the following.
In this work, we use a 3D-coil based transmitter, which means that all three transmitter coils' axes are orthogonal to each other, such that
holds, where I 3 stands for the identity matrix of dimension 3 × 3. The receiver coils are not necessarily orthogonal to each other and we obtain
The purely imaginary matrices Z Ch ( f ) and Z T Ch ( f ) in (11) stand for the influence of the receiver coils onto the transmitter coils and vice versa, respectively. Hence, Z Ch ( f ) is defined by
By inverting the overall impedance matrix in (11) using [26] , we obtain similar to [9] 
with implicit definitions of A( f ) and C( f ). In addition, we define 3
which will be discussed in the context of noise power calculation.
As known from the fundamentals of electric power generation and transmission (e.g. [27] , [28] ), in order to produce enough active power in electric circuits, the transmitter/ generator needs to release also the reactive power, which corresponds to the imaginary part of the generated complex power
. The reactive power is not absorbed by the load, but fluctuates between the power source and the load impedance. Furthermore, without the reactive power, the induction coils cannot be operated. However, a large amount of reactive power might limit the performance of the communication system and impose additional hard constraints for the system design. This problem has been explicitly addressed in [29] , where the reactive power for an MI based WPT system has been minimized under the active receive power constraints. Unfortunately, this approach does not necessarily maximize the power efficiency of the system, since the active transmit power may dominate the reactive transmit power in some cases. Correspondingly, if not incorporated into the WPT optimization, the active transmit power may become very large and dramatically reduce the transfer efficiency. Hence, both real and imaginary parts of the transmit power need to be taken into account, such that the magnitude of the total generated complex power (the so-called apparent power [28] ) is a better reference for the transmit power than the pure active [3] or
reactive [29] power. The apparent transmit power spectral density in the mth transmitter circuit is given by (18) where |·| denotes the element-wise absolute value operator. Therefore, we define the total power provided by the transmitter within a given transmission band with center frequency f 0 and bandwidth B as P t,total given in (19) , as shown at the top of this page, where (15) , (7), and (8) have been used. For weak couplings between coils (low mutual inductance), matrix A( f ) is approximately 4 given by
This yields
This result motivates the use of a far-field approximation, where the transmit power is only related to the squared L 2 -norm of b. However, in case of strong couplings between coils (or imperfect coil deployment at the transmitter), this approximation is not valid, which may lead to a performance degradation. For the received active power density at the load resistor Z L of the receiver circuit l ∈ {4, . . . , K + 3} we obtain
where the K × 1 vector e K ,l is defined as e K ,l = [0, . . . , 0, 1, 0, . . . , 0] T with the '1' at the lth position, 4 For 2π f max (15) is negligible.
and (16) has been used. In case of power transfer, the total receive power at circuit l is given by
where η stands for the losses due to the conversion of the received high frequency signals into electric power. For simplicity, we assume η = 1 in this work. In case of information transmission, the transmitted data may be corrupted by noise and interference caused by other systems (in particular by other MI based transmissions). We model the noise source in each resonant circuit as a voltage source, which provides an additive white Gaussian noise (AWGN) with the average power spectral density (PSD) N 0 . The uncorrelated noise signals may occur in all resonant circuits (including the receiver circuit). These signals influence not only the currents in the respective circuits, but also the currents of the neighboring circuits via near-field coupling between the coils. Hence, the additive noise power as seen by the receiver l can be calculated via summation of the active received noise powers from all noise sources of the system. Considering the Fourier transform [25] . The current in the lth receiver can be expressed as
The corresponding average received noise PSD 
in the lth receiver, 5 which completely removes the frequency selectivity of the noise. Furthermore, a linear equalizer (LE) is utilized at the receiver, which minimizes the mean-squared error (MSE) of the equalized signal (minimum MSE, MMSE). As known from the literature (cf. [30] ), the resulting signal-to-noise ratio (SNR) at the output of the unbiased MMSE-LE can be written as 6
In order to ensure a reliable signal detection at the receiver l, a typical QoS constraint is imposed. For our numerical results, we demand that SNR l ≥ SNR thr , where SNR thr = 10 dB is assumed to be sufficient for the target application.
III. MI BASED SWIPT
In this section, two optimization problems related to the design of an MI based SWIPT system are discussed.
A. Problem Formulation
Different optimization problems have been discussed in the literature in the context of SWIPT systems for traditional RF communication, cf. e.g. [17] , [21] . We consider a SWIPT system with a single DR that is intended to receive an information 5 The noise PSD needs to be multiplied with Z L , since the whitening filter is applied to a voltage signal. Hence, a unitless filter results. 6 For the correct calculation,
represents the unitless power density of the received signal at frequency f . stream with a given QoS and multiple PRs that are intended to receive power. In the following, two optimization problems are presented. The first problem refers to the maximization of the sum receive power among all PRs 7 under a given QoS constraint and a transmit power constraint. It can be formulated as follows:
where receiver κ has been selected for data reception with a QoS given by SNR thr . The second optimization problem refers to the maximization of the minimum received power among all PRs under the same constraints as in (27) . It can be formulated as follows:
Both optimization problems are non-convex due to the nonconvex constraints, which can be shown by inspecting (19) which is related to the transmit power constraint and (26) combined with the observations from [31] for the QoS constraint. Therefore, the well-known tools of convex optimization [32] are not applicable. Except for the transmit power constraint, the optimization problems (27) and (28) do not differ much from the traditional beamforming problems known from the fundamentals of communications and MIMO systems (cf. [33] ), where, however, the transmit power constraint is convex. In Section III-B, the problems (27) and (28) are simplified via the approximation of the transmit power (19) by a squared L 2 -norm of the beamforming vector. This approximation is valid for all types of far-field communications. Hence, the corresponding simplified optimization problems can be viewed as traditional beamforming problems and are related to baseline schemes that we use for performance 7 The priority based maximization of the receive power can be done by introducing additional weights (priorities) λ l in the sum in (27) , which can be absorbed into the respective receive powers P r,l,total . Hence, the optimization strategies described below may be applied to the priority based SWIPT as well.
comparisons. However, the resulting optimized beamforming vectors provide only strictly suboptimum solutions to the original problem formulations (27) and (28), if the devices are in the near-field of the transmitter. Hence, a more precise convex approximation of the transmit power constraint is provided in Section III-C. This approximation is combined with the approach from Section III-B in each iteration of an iterative algorithm proposed in Section III-D.
B. Far-Field Approximation

1) Max-Sum Problem:
We consider an optimization problem, which is identical to (27) 
where P 0 is a properly chosen constant 8 related to the transmit power P. The matrices C( f ), D( f ) and the vector b have been defined in Section II. Unfortunately, due to the QoS constraint, a traditional approach, e.g. based on semidefinite relaxation (SDR) or eigenvalue decomposition, cannot be applied, cf. [31] , [34] . Therefore, we decompose (29) into two subproblems, where the first subproblem refers to the maximization of the receive power under only the transmit power constraint and the second subproblem is related to the QoS constraint and the gradient based search. The first subproblem can be formulated similarly to (29) as
with
Obviously, (30) is an eigenvalue problem and can be solved by selecting the (properly scaled) eigenvector of W sum , which pertains to the maximum eigenvalue. If the solution does not satisfy the QoS constraint, a gradient based approach from [31] is utilized, in order to increase the value of SNR κ , until the QoS requirement is fulfilled. The gradient based algorithm is described via pseudo code notation in Algorithm 1. In each 8 The value for P 0 corresponds to iteration i of the gradient search, the direction 9 of the gradient is determined via [31] 
where b i denotes the state of the vector b in the beginning of the i th iteration. The iteration consists of an update step
and an evaluation step, where the value of SNR κ is calculated and compared with SNR thr . If the QoS constraint is fulfilled, the algorithm stops and the sum receive power corresponding to the obtained beamforming vector is calculated. If b i and b i−1 are very similar (i.e., if 1 −
T |b i | < holds with a sufficiently small , e.g. = 10 −3 ) and SNR κ < SNR thr , we assume that a local maximum has been reached, while the QoS constraint remains unfulfilled. Hence, in this case, the algorithm stops and a failure is reported. The choice of the step size δ i is important for the system performance as well. We follow the recommendations provided in [30] and select the step size accordingly.
2) Max-Min Problem:
Similarly to the max-sum problem, the maximization of the minimum receive power according to (28) with a simplified transmit power constraint can be 9 The true value of the gradient corresponds to
, which does not affect the direction of the gradient. Therefore, we simplify the computation by disregarding this factor.
formulated as:
We introduce an auxiliary variable q, which corresponds to a square-root of the minimum receive power, and 
where the matrices W 0 , W l , and W p are given by
Similarly to the max-sum problem discussed before, we decompose (35) into two subproblems, where the first subproblem corresponds to (35) with relaxed QoS constraint and the second subproblem refers to the QoS constraint and is solved by a gradient based search. The first subproblem is rewritten using trace operators as
where matrix Y can be expressed as Y = yy H , if rank (Y) = 1 holds. By dropping the rank-1 constraint, this problem becomes a semidefinite program, which can be efficiently solved using the existing methods of convex optimization [32] . Then, the well-known randomization technique [34] is applied in order to obtain a rank-1 solution y from the matrix Y. The beamforming vector b is extracted from y by deleting its last element. Hereafter, the gradient based search is applied, if the QoS requirement for the DR is not fulfilled, using the gradient defined in (32).
C. Convex Transmit Power Approximation
The optimization problems and solutions discussed in Section III-B are well known in the context of far-field communications. With increasing coupling between the devices (in the near-field), the transmit power is more and more influenced by the presence of the receivers, as can be deduced from (19) . Hence, the power transfer efficiency can be improved by taking into account this influence in the optimization of the beamforming vector [1] . For this, an iterative algorithm has been proposed, where the total transmit power in (27) and (28) is approximated by a squared L 2 -norm for a current iteration, respectively. Employing this approximation, the optimal beamforming vector is calculated, which is used for improving the approximation and updating the solution in the next iteration. For the approximation, we assume that in case of convergence of this algorithm,
holds, where
T at the end of the i th iteration. At first, we approximate the transmit power (19) by
such that the order of the transmit power with respect to b i reduces. 10 Then, we express |b i−1 | T as
using matrix V i defined by
By inserting (42) into (41) and using (43), we obtain
Moreover, we define
where ⊗ and represent element-wise vector multiplication and division, respectively. Hence, by reformulating (45),
where (·) 2 denotes the element-wise square operator. By multiplying (46) with a vector [1, 1, 1] , the transmit PSD at frequency f can be expressed as a squared L 2 -norm using (44):
For the clarity of exposition, we denote
the element-wise division in (47) can be formulated as a multiplication with a matrix Q i ( f ), where
Then, we obtain
Finally, by inserting (49) into (47) and (41), we obtain
where P i is given by
In case of convergence, the approximations (40), (45), and correspondingly (50) are valid. In the corresponding iterative procedure of Section III-D, the transmit power constraint of (27) and (28) becomes convex in each iteration step.
As shown in Section IV, the proposed convex approximation of the transmit power dramatically improves the performance of the SWIPT scheme compared to the far-field approximation based SWIPT under near-field conditions.
D. Iterative Approach
Using the convex transmit power approximation from Section III-C, the two optimization problems (27) and (28) can now be solved more accurately than with the approach of Section III-B. For this, two iterative algorithms are proposed in the following.
1) Max-Sum Problem:
In each iteration, the approximation given by (50) is applied to the optimization problem (27):
Here, for the transmit power constraint we utilize P instead of P 0 (like in (29) (29) represents the voltage variance. Similarly to the procedure according to Section III-B1, (52) is decomposed into two subproblems. The first subproblem is a generalized eigenvalue problem, which is obtained by relaxing the QoS constraint. The second subproblem is related to the QoS constraint and a gradient based search. The generalized eigenvalue problem is solved using a substitution
where √ P i is calculated via a Cholesky factorization 11 of P i . An eigenvalue decomposition is applied to the matrix 11 Matrix P i is obtained via integration of positive definite matrices in (50), which ensures that P i is positive definite as well and suitable for the Cholesky factorization. (27) Report failure (QoS constraint cannot be satisfied); 11: break; 12: end if 13 : end for 14: Output:
Algorithm 2 Proposed Solution for Problem
and the (appropriately scaled) eigenvector with the maximum eigenvalue is picked as the optimal solution for x i . Then, using (54), the optimal beamforming vector b i is calculated. If this beamforming vector does not fulfill the QoS constraint, a gradient search is applied based on (32). Then, b i replaces b i−1 in the next iteration. The overall optimization algorithm can be described via pseudo code notation given by Algorithm 2. For the starting point b 0 of the algorithm, we select the beamforming vector that corresponds to the solution of the problem (30) . Furthermore, we have observed that a number of iterations N iter = 5 seems to provide sufficient accuracy.
2) Max-Min Problem: Similarly to the previous sections, we decompose the max-min problem (28) into a semidefinite program (by dropping the rank-1 constraint similarly to Section III-B2) and a QoS requirement in each iteration of the algorithm. For this, the transmit power constraint in (39) is modified using matrix W p,i , which depends on P i :
where y i denotes the state of the vector y at the end of the i th iteration and matrix W p,i is given by
Hence, the semidefinite program in each iteration can be formulated as
where the purpose of Y i is to approximate y i y H i . Using convex optimization algorithms [32] , (57) is solved resulting in matrix Y i . Then, using the randomization technique [34] similarly to Section III-B2, an approximation of the solution vector y i is obtained. By deleting the last element of this vector, x i is extracted. A solution for b i is calculated using (54). Report failure (QoS constraint cannot be satisfied); 11: break; 12: end if 13 : end for 14: Output:
Algorithm 3
If this solution does not satisfy the QoS constraint, the gradient approach is applied. The optimization algorithm can be described via pseudo code notation given by Algorithm 3.
Obviously, the quality of the solutions discussed in Sections III-B2 and III-D2 heavily depends on the accuracy of the utilized randomization technique. According to the literature (cf. [34] ), this randomization procedure utilizes a set of random vectors for an approximation of the solution vector based on the semidefinite matrix Y. Furthermore, the accuracy of this method increases with increasing number of generated random vectors. Hence, for a fair comparison between the proposed and the baseline solution of the max-min problem, it is essential to select an identical total number of tested vectors for both schemes. In the proposed solution, the randomization is executed N iter times. Assuming N rand,prop random vectors in each iteration, the total amount of random vectors generated by the randomization process of the proposed solution is N rand,prop N iter . Hence, the total number of vectors for the baseline scheme should be N rand,base = N rand,prop N iter . With this choice, the performance of the baseline scheme cannot be underestimated. In this work, N rand,prop = 200 and N iter = 5 are selected for the numerical results, such that N rand,base = 1000 results. Both algorithms (Algorithm 2 and 3) may not always be able to find a feasible solution that satisfies the QoS constraint of the original problem. This situation occurs, if the noise power is too large, such that SNR κ < SNR thr , ∀b holds. In such cases, a failure is reported and the respective performance metric b
IV. NUMERICAL RESULTS In this section, we present numerical results for the MI based SWIPT.
A. System Performance
At first, we assume that all coils have identical system parameters, i.e., L t = L r = L, C t = C r = C, and R t = R r = R. Following the convention of the WPT community [6] , we define a factor F m,l = We assume that all receivers are placed at the same distance d from the transmitter, such that the coupling coefficient is identical for all transmitter-receiver links, which means M m,l = M, m ∈ {1, 2, 3}, l ∈ {4, . . . , K + 3}. Furthermore, we restrict ourselves to the case F m,l = F, m ∈ {1, 2, 3}, l ∈ {4, . . . , K + 3}. Since the distances between the receivers may vary, the mutual inductance between them differs from M. Defining the distance between two adjacent receivers with indices l 1 and l 2 as d l 1 ,l 2 , M l 1 ,l 2 can be expressed as
because the mutual inductance scales with the third power of the transmission distance [2] . In this work, we assume a random distribution of receiver devices (on a circle around the transmitter) and that their orientation in the three-dimensional space is random. As mentioned earlier, we choose a practically relevant parameter set known from the passive RFID standards and NFC, i.e., a carrier frequency f 0 = 13.56 MHz and a bandwidth B = 14 kHz. Correspondingly, the quality factor is given by
B ≈ 968 according to the literature [6] . Furthermore, we select P = 1 W and SNR thr = 10 dB. We assume, that in order to satisfy the transmit power constraint, the transmitter adjusts the amplification of the beamforming vector based on the observation of the current in all three transmit circuits. In our simulations, we consider 100 scenarios for each set of system parameters.
We start with a comparison of the performance of the proposed solution (Section III-D1) and that of the baseline scheme (Section III-B1) for the max-sum problem (27) , see Fig. 3 . We observe that for a large factor F, the sum receive power of the proposed solution is significantly larger than that of the baseline scheme. Furthermore, it can be clearly seen, that the baseline scheme and the proposed solution completely agree for F < 1, which is due to the fact that the far-field approximation becomes valid, as explained earlier using (21) . Also, we observe that a decrease of the noise variance leads to higher average sum receive powers. The reason is that the gradient search influences the beamforming vector less and less with decreasing noise variance, since the solution of the respective first subproblem (eigenvalue problem) is already close to the solution of the original problem. This is valid because SNR κ using the selected eigenvector is in many cases already large enough to satisfy the QoS constraint. Interestingly, with increasing number of PRs (from two in Fig. 3a) to four in Fig. 3b) ), the performance of both schemes (baseline and proposed) improves substantially, such that average sum receive powers of up to 0.9 W can be reached for F > 100. This corresponds to more than 90% power efficiency, if only the WPT is considered. 12 This effect comes from the fact that with increasing number of devices, the number of degrees of freedom increases (the power received at multiple locations is summed up), such that a better power efficiency results for a large number of receivers. Moreover, the high power efficiency of the considered MI based SWIPT system is a notable contribution of our work, since it reveals the potential of this scheme. Fig. 4 shows the performance of the baseline (Section III-B2) and proposed (Section III-D2) solutions for the max-min problem (28) . Similarly to Fig. 3 , the proposed solution outperforms the baseline scheme in all scenarios, especially for high values of F. Interestingly, we observe that the curves for the proposed solution for N 0 = 10 −6 V 2 s and N 0 = 10 −8 V 2 s almost completely overlap, which indicates an upper bound in case of vanishing noise. The baseline scheme shows a similar behavior. Unlike in Fig. 3 , with increasing number of PRs a dramatic decrease of the figure of merit by almost an order of magnitude is observed. This results from the formulation of the problem (see (35) and (57)), where more PRs impose additional constraints, such that the feasible set shrinks and the performance degrades.
In order to provide a deeper insight into the potential of the proposed magnetic SWIPT system, we present results for both minimum and sum receive powers using the beamforming vectors obtained from the maximization of the sum or the minimum, respectively, see Fig. 5 . This means, that we calculate the average minimum receive power using beamforming vectors obtained as solution for the max-sum problem (see Fig. 5a )) and vice versa (see Fig. 5b) ). This investigation may help system designers to select the appropriate optimization criterion. For this, we consider F > 100, N 0 = 10 −6 V 2 s, and two PRs. Interestingly, the baseline solution according to the maximized minimum even outperforms the solution according to the maximized sum in terms of average sum receive power, see Fig. 5b ). This indicates the suboptimality of the baseline scheme, since the optimal beamforming solution of the max-sum problem should outperform any other solutions in terms of sum receive power. Furthermore, we observe that the proposed solution is on average ≈ 50% worse for the maximized sum compared to the maximized minimum in terms of minimum receive power (Fig. 5a) ). On the other hand, the beamforming according to the maximization of the sum is on average only 33% better than the beamforming according to the maximization of the minimum receive power in terms of sum receive power (Fig. 5b) ). Of course, more sophisticated fairness based beamforming strategies could provide a tradeoff between both optimization metrics. However, this investigation is beyond the scope of this work.
B. Imperfect Channel State Information
The knowledge of the mutual inductance is very important for the optimization of WPT systems [3] and can be acquired either by channel estimation or by distance estimation under the assumption that all other system parameters (coil dimensions, polarization, etc.) are known, cf. [16] . In practice, however, both methods (channel estimation and distance estimation) may not provide the exact value of the mutual inductance due to the noise influence. Correspondingly, this imperfect channel state information (CSI) may lead to a performance degradation. This problem has been already studied in various previous works for RF based SWIPT [19] , [35] . In the following, the influence of imperfect CSI on the performance of a magnetic SWIPT system is investigated. For this, we replace the mutual inductance M m,l . For the following results, the beamforming solution has been obtained for the imperfectly estimated channel, i.e., > 0. For comparison, we also show results for perfect CSI, i.e., = 0. Fig. 6a) shows the average sum received power for two power receivers, N 0 = 10 −6 V 2 s, and different normalized standard deviations . Obviously, the proposed solution outperforms the baseline scheme in terms of sum receive power even in case of a large standard deviation of the estimated mutual inductances of = 0.1. Nevertheless, we observe a substantial decrease of the average sum receive power using the proposed solution. A relative decrease of the receive power by almost 45% can be observed for very large values of F. Interestingly, the performance of the baseline scheme does not vary much, such that the receive power decrease is bounded below 6% even for = 0.1.
Since the imperfect CSI can also affect the fulfillment of the
QoS constraint, we further analyze the QoS for the DR. For a better insight, the obtained values of SNR are mapped onto a maximum achievable data rate via Shannon's capacity formula, Rate = B log 2 (1 + SNR). Hence, the average data rate would correspond to the expectation value of the achievable rate for the DR, see Fig. 6b ). Furthermore, the assumed QoS requirement SNR thr = 10 dB corresponds to ≈48 kbit/s. We observe that the average data rate using the baseline scheme remains mostly unchanged. The proposed solution shows a slight decrease for = 0.01 and F > 100 compared to the case of perfect CSI. Also, a slight decrease is observed for = 0.1 and 10 ≤ F ≤ 100. In general, the baseline scheme outperforms the proposed solution in terms of average data rate only for very large values of F.
C. Coverage
So far, we have assumed that all coils in the system are of equal size. In a practical application, the receiver coils may need to be very small and lightweight, in order to fit into other electronic devices, e.g. smartphones, tablets, etc. On the other hand, the transmitter might be located in an access point, which does not have such restrictions. Hence, in the following, we assume that all receiver coils are implemented as solenoids with N r = 1 turn and a r = 2 cm coil radius. For the transmitter coils, we assume solenoids with N t = 200 turns and a t = 20 cm coil radius. Using the usual dipole approximation of the coil magnet field [13] , we obtain the mutual inductance 
of the receiver coils, respectively. Here, ρ ≈ 1.678 · 10 −2 · mm 2 /m is the copper resistivity and a w = 1 mm is the wire radius. Using the discussed optimization methods, it is possible to determine the minimum value of the mutual inductance M, for which the QoS constraint is satisfied and, e.g., the sum receive power is equal to 0. 
With four PRs and N 0 ≤ 10 −6 V 2 s, the maximum transmission range that fulfills the QoS constraint and the sum receive power requirement is d ≈ 50 cm. If we consider a minimum power requirement of e.g. 0.1 W, the maximum transmission distance with two PRs is d ≈ 40 cm. Obviously, the coverage of the magnetic SWIPT system is reasonably good for shortdistance applications, which makes it a promising candidate for the upcoming Internet-of-Things.
V. CONCLUSION In this work, a magnetic induction based SWIPT system has been proposed which utilizes a transmitter with three coils and multiple single coil receivers. From the set of randomly distributed receiver devices, one user (DR) is selected for information reception, whereas the same signal from the transmitter is utilized for the WPT to the remaining users (PRs). Assuming a certain QoS constraint (related to SNR thr ), two beamforming problems have been investigated. The first problem (max-sum problem) refers to the maximization of the sum receive power of all PRs. The second problem (max-min problem) refers to the maximization of the minimum receive power among all PRs. Furthermore, the near-field coupling between antennas (coils) has been taken into account, which results in an additional non-convex transmit power constraint. Unfortunately, both problems turn out to be non-convex, such that no globally optimum solution can be obtained. Also, the non-convex transmit power constraint does not allow to apply the well-known beamforming techniques according to the literature. Hence, the max-sum problem has been split into an eigenvalue problem and a QoS problem, and the max-min problem has been split into a semidefinite program and a QoS problem. The respective QoS problems have been solved via a gradient based iterative algorithm. In order to cope with the non-convexity of the transmit power constraint, it has been replaced by an L 2 -norm constraint (far-field approximation) for the baseline solution and using a more accurate iterative convex approximation for the proposed solution. In this context, significant performance gains have been observed for the proposed solution in terms of average receive power compared to the baseline scheme, which proves the importance of the mentioned accurate transmit power approximation. Furthermore, with decreasing coupling between coils, we observe a very steep decrease of the received (sum and minimum) power. Similarly, for large noise variances, the received powers are very low. The reason for this behavior is that the optimization focuses more and more on achieving a sufficient level of SNR for the information transmission. Correspondingly, the WPT becomes less relevant. 13 With very weak couplings or large noise variances, it may not always be possible to satisfy the QoS constraint, such that the described optimization problems become infeasible. On the other hand, a high power efficiency of the proposed SWIPT scheme has been observed even for moderate couplings between the coils. Unfortunately, it might not be possible to extend the presented 3D-coil based access point to a transmitter with more than three coils. This is due to the fact that in this case the transmitter coils would not be fully mutually orthogonal anymore, such that the energy exchange would occur only among the transmitter coils and the performance may even become worse than with three coils. In addition, the angular diversity of the threedimensional space is already completely exploited by the considered 3D-coil, such that possible gains due to additional coils may not justify the increased complexity and cost. However, a more detailed study on an MI transmitter with more than three coils is beyond the scope of this work and remains for future investigations.
Ian F. Akyildiz (M'86-SM'89-F'96) received the
